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Abstract 
One of the challenges for applying capture to existing fossil power plants is the significant amount of energy required for CO2 
capture and compression leading to plant output loss. This study investigates the use of an auxiliary biomass combined heat and 
power unit to provide the energy required for MEA post-combustion capture in a coal-fired power plant. By capturing CO2 from 
the biomass unit, negative emissions can be achieved. Low biomass prices or high biomass and coal prices, or/and an 
intermediate incentive schemes make auxiliary units profitable. However, for negative emissions, low biomass prices and high 
incentive schemes are required. 
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1. Introduction 
Post-combustion capture is the most likely capture technology that can be applied to fossil fuel power plants in 
the near future. However, one of the main barriers for implementing this capture method in existing power plants is 
the significant amount of energy required for CO2 capture and compression using currently available technology. 
Using a conventional MEA solvent process for post-combustion capture, the energy required can be as much as 30% 
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of the net electricity output. If CO2 capture is applied at large scale, the output loss associated with the 
implementation of capture would pose a serious challenge to meeting current and future electricity demand. 
To avoid output loss from the power plant, an auxiliary energy source can be used to supply the energy required 
for CO2 capture and compression. Using renewable energy in the auxiliary unit, grid loss can be avoided without 
increasing fossil fuel consumption. Among possible renewable energy sources, biomass has some advantages. It can 
provide a constant electricity output, while wind or solar energy might be temporarily unavailable. In addition, to 
achieve higher emission cuts, the CO2 emitted from carbon neutral biomass can also be captured to obtain negative 
emissions. Negative emissions play a critical role in meeting stringent emission targets. 
From an economic point of view, electricity generation from renewable biomass can create renewable energy 
certificates (RECs), and CO2 capture from the auxiliary biomass unit can result in negative emissions that may be 
rewarded in emission trading schemes. These incentives may make the combination of an auxiliary biomass unit 
with a coal plant and capture unit economically attractive in comparison with other available options for CO2 
mitigation from existing coal-fired plants. 
In this paper, using auxiliary biomass units to supply the energy required for capture in coal-fired power plants is 
evaluated. We investigate using biomass auxiliary units in two different cases. In the first case, the CO2 is only 
captured from the coal power plant, and the CO2 emitted from the auxiliary biomass unit is released to the 
atmosphere. For the second case, CO2 is captured from both the power plant and the auxiliary unit. The objective of 
this paper is to examine the economic feasibility of using auxiliary biomass units under different fuel prices and 
incentive schemes. 
  
2. Methodology 
The performance and economics of the coal-fired power plant, CO2 capture unit and auxiliary biomass CHP unit 
are evaluated using the Integrated Carbon Capture and Storage Economics Model (ICCSEM) developed by UNSW 
Australia (The University of New South Wales) for the Cooperative Research Centre for Greenhouse Gas 
Technologies (CO2CRC). ICCSEM covers the entire carbon capture and storage (CCS) chain, however CO2 
transport and storage costs and emissions are not included in the analysis in this paper. ICCSEM has a process 
module for estimating process flow and sizing equipment as well as an economic module for estimating costs. 
In this paper, the coal plant is a 500 MW sub-critical, pulverized fuel plant with 35 % net efficiency (HHV), 0.88 
t CO2/MWh emission intensity, and 85 % capacity factor. The capture technology implemented is CO2 absorption 
using a solvent of 30 wt% MEA in water, and the capture rate is assumed to be 90 %. The major energy requirement 
for the capture unit is the heat for solvent regeneration [1, 2]. Besides the heat, electricity is also required for pumps 
and fans in the solvent absorption/regeneration system as well as for compressing the CO2 product to a high pressure 
(e.g. 100 bar) to make it ready for transport [3]. Table 1 shows properties of the capture unit such as specific heat 
and electricity requirements. For CO2 capture using MEA, the coal plant should be equipped with flue gas 
desulfurization (FGD) and selective catalytic reduction (SCR) to decrease the content of SOx and NOx in the flue 
gas, because the presence of these impurities results in high solvent loss [4]. 
 The auxiliary unit is a combined heat and power (CHP) unit that is sized based on the amount of heat required 
for CO2 capture. The electricity generated by the CHP unit is a by-product of steam generation, and is estimated 
using the power to heat ratio of the CHP unit. The maximum value for power to heat ratio is assumed to generate the 
highest possible amount of electricity from biomass. Table 1 shows other details of the CHP unit. 
Three different cases are considered: 
x Coal plant with capture (Coal-Cap): In this case, the coal plant itself supplies the energy required for CO2 
capture and compression.  
x Coal plant with capture and auxiliary biomass unit (positive emissions) (Aux-Pos): In this case, the energy 
required for CO2 capture and compression is supplied by the auxiliary biomass CHP unit. CO2 is only captured 
from the coal plant and the CO2 produced by the auxiliary biomass CHP unit is vented to the atmosphere.  
x Coal plant and auxiliary biomass unit with capture (negative emissions) (Aux-Neg): In this case, the energy 
required for CO2 capture and compression is supplied by the auxiliary biomass CHP unit, but unlike the 
previous case, CO2 is captured from both the coal plant and the auxiliary biomass CHP unit. 
6794   Zakieh Khorshidi et al. /  Energy Procedia  63 ( 2014 )  6792 – 6799 
Table 1- Key technical assumptions 
 Value Reference 
Temperature of steam used 
for solvent recovery  
134 ◦C [5] 
Pressure of steam used for 
solvent recovery 
3 bar [5] 
Specific heat requirement of 
the capture unit 
4,370 kJth/kg CO2 captured [6] 
Specific electricity 
requirement of the capture 
unit 
500 kJe/kg CO2 captured [6] 
Heat-to-electricity 
equivalence factor 
0.17 [7] 
Power to heat ratio of the 
CHP unit 
0.2 [8] 
Efficiency of the biomass-
fired CFB boiler 
0.8 [9] 
 
The fuel consumed in the coal-fired power plant is Australian black coal, and the biomass feed stock used in the 
auxiliary CHP unit is wood chips. Wood chips are assumed to be received clean, and with a moisture content of 20 
wt% due to open storage [10]. Table 2 shows the ultimate analysis and emission factors of the black coal and wood 
chips.  
Table 2- Ultimate analysis (mass fraction on a dry basis) and emission factors for coal and wood chips 
 Wood chips [10] 
Black coal 
[11] 
C (% wt) 50 80.4 
H (% wt) 6 6.4 
O (% wt) 42 11 
N (% wt) 0.6 1.5 
S (% wt) 0.1 0.7 
Emission Factor (t CO2 / GJ) 0.1149 0.0851 
 
The plant economics is estimated based on a discounting period of 35 years beginning from 2015. It is assumed 
that the coal plant capital cost is completely written off at the start of the discounting period. CO2 capture and 
auxiliary CHP units are added to the existing coal plant and become operational in the year 2020. Implementation of 
capture in 2020 is assumed, as it is a likely timeframe at which CO2 capture will be deployed at a large scale. When 
the capture unit is installed at the power plant, it is assumed that some modifications to the plant will also be 
undertaken to extend the plant life for an additional 30 years. Thus, the operating life span of the plant is extended to 
2050. 
The capital and operating costs of the capture unit include the costs for the FGD, the SCR, and CO2 separation 
and compression units. The COE is calculated using a present value calculation (equation (1)): 
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where Capexi and TotOpexi are the capital and total operating costs in the ith year, d is the discount rate, n is the 
discounting period and NetPoweri is the total sent out electricity in the ith year. The total operating cost (TotOpexi) in 
equation (1) includes plant fixed and variable non-fuel operating costs, fuel cost (for coal and biomass), CO2 
penalties/credits and REC revenues. Although there is no CO2 credit for negative emissions in emission trading 
schemes, we assumed that negative emissions would be rewarded by the same value as carbon price in the near 
future. Based on the regulations, REC revenues included in the total operating cost (equation (1)) are only allocated 
to electricity produced from biomass not thermal energy [12]. CO2 credits and REC revenues are treated as negative 
operating costs for the COE calculation. The key economic parameters are presented in Table 3. All costs are in 
constant 2011 US dollars. An exchange rate of 1 Australian dollar to 1 US dollar is used. The ranges shown for fuel 
price, carbon price and REC in Table 3 are used for performing sensitivity analysis in section 3. 
Table 3- Key economic assumptions  
Variable Baseline value Range Reference 
Discount rate (real) 7 % 5 – 15 % [13] 
Discounting period 35 y   
Project life 30 y 15 – 40 y [13] 
Capital cost for coal plant life extension 1,619 $/kWe a   
Capital cost for steam turbine CHP unit 5,150 $/kWe b 
4,100 – 6,200 
$/kWe 
[14] 
Fixed operating cost for steam turbine CHP unit 54 $/kWe  [14] 
Variable operating cost for steam turbine CHP 
unit 35 $/MWhe  [14] 
Capital cost for CFB boiler 138 $/kWth  [9] 
Fixed operating cost for CFB boiler 4 % of the capital cost   
Variable operating cost for CFB boiler 5 $/MWhth  [9] 
Wood chips price 4.5 $/GJ 3 – 9 $/GJ [15] 
Coal price 1.5 $/GJ 1 – 7 $/GJ [16] 
Carbon price 23 $/t CO2 0 – 120 $/t CO2 [13, 17] 
REC price 40 $/MWhe 0 – 100 $/MWhe [18, 19] 
a The capital cost required for plant life extension is estimated as 50 % of a new plant [20]. The capital cost for new coal-fired power plants is 
obtained from the EPRI report [21]. 
b The capital cost data are the average cost for a 5 MWe CHP unit. Capital costs for larger units have been scaled using a power law (Capexsize 2 = 
Capexsize 1×(size 2/size 1)m-1) where the scaling factor m = 0.7 [14].   
3. Results 
Table 4 summarizes energy requirements for the CO2 capture unit, the energy generation from the auxiliary 
biomass CHP unit and the total sent-out electricity for the different cases. Because the auxiliary units are sized based 
on the heat requirement of the capture unit, the electricity produced in the auxiliary unit is higher than the electricity 
required by the CO2 capture and compression units by 41 MW for Aux-Pos and 105 MW for Aux-Neg. In this 
paper, we assume that this excess electricity can be sold in the market. The overall electricity output in Table 4 
refers to the total of the sent-out electricity from the coal plant and the excess electricity from the auxiliary CHP 
unit. For Aux-Neg, the energy required for the capture unit and also the energy produced by the auxiliary unit are 
higher than the other cases because a higher amount of CO2 is captured (from both the coal plant and the auxiliary 
biomass CHP unit). Thus, a larger capture unit and consequently a larger auxiliary unit are required. 
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Table 4- Energy required for the capture unit, the energy produced from auxiliary unit and the total sent-out electricity 
 Coal-Cap Aux-Pos Aux-Neg 
Capture unit 
Total heat required (MWth) 478 478 1228 
Total electricity required (MWe) 55 55 141 
Auxiliary biomass unit 
Total heat produced (MWth) NA 478 1228 
Total electricity produced (MWe) NA 96 246 
Electricity output 
Total sent-out electricity (MWe) 364 541 605 
  
The fuel flow rate and CO2 emissions are summarized in Table 5. Two different emission intensities are 
presented in Table 5; actual emission intensity and net emission intensity. Actual emission intensity takes into 
account the CO2 emitted by the combustion of both the coal and the biomass, whereas net emission intensity only 
accounts for the CO2 emitted from the coal. According to Table 5, the actual emission intensity for Aux-Pos and 
Aux-Neg is higher than that for Coal-Cap because the amount of CO2 emitted per unit of energy from biomass is 
higher than coal (see biomass and coal emission factors in Table 2). In addition, the efficiency of the coal plant is 
higher than that of the auxiliary biomass CHP unit. However, neglecting the CO2 emitted from the carbon neutral 
biomass, the net emission intensity for Aux-Pos and Aux-Neg is lower than that of Coal-Cap by 0.04 and 1.07 t 
CO2/MWh respectively.   
 
Table 5- Performance comparison for different cases 
 Coal-Cap Aux-Pos Aux-Neg 
Coal used (Mt/y) 1.11 1.11 1.11 
Biomass used (Mt/y) NA 1.09 2.79 
CO2 emission - Coal (Mt CO2/y) 3.26 3.26 3.26 
CO2 emission - Biomass (Mt CO2/y) NA 1.99 5.11 
Actual emission intensity (t CO2/MWh) 0.12 0.58 0.19 
Net emission intensity (t CO2/MWh) 0.12 0.08 -0.95 
 
Figure 1 shows the breakdown of the cost of electricity (COE) for the different cases. The term CO2 
penalties/credits refers to the combination of emission penalties due to the carbon price and all the revenues from 
CO2 credits gained through negative emissions. If the energy requirement of the capture unit is provided by the 
auxiliary biomass CHP unit, and the CO2 emitted from that unit is released to the atmosphere (as in Aux-Pos), the 
COE decreases slightly (by 2%) compared with the coal plant with capture (Coal-Cap). The lower COE is due to a 
higher electricity output, a lower CO2 emission penalty and the production of REC revenues for the electricity 
generated from biomass. If CO2 is captured both from the coal plant and the auxiliary biomass CHP unit (Aux-Neg), 
the COE is 20% higher than for the coal plant with capture (Coal-Cap). This is because the cost of the larger capture 
unit with larger energy requirements cannot be compensated by the revenues obtained from the combination of the 
additional electricity produced, CO2 emission credits and RECs. 
 
 Zakieh Khorshidi et al. /  Energy Procedia  63 ( 2014 )  6792 – 6799 6797
 
Figure 1- Breakdown of baseline cost and COE for different cases 
Figure 2 and Figure 3 show the effect of the fuel prices and incentive schemes on the COE. Note that in these 
figures other economic parameters are constant at the baseline values shown in Table 3. Figure 2 shows that the 
slope of lines decreases as the total sent-out electricity increases. That is because the coal flow rate is the same for 
all cases (see Table 5), but the sent-out electricity is higher for cases with an auxiliary biomass CHP unit (see Table 
4). As the sent-out electricity increases, the coal cost component (expressed in $/MWh) decreases (as shown in 
Figure 1) even though the absolute flow rate of the coal remains the same. This also means that the COE (expressed 
in $/MWh) depends on the coal price. As shown in Figure 2, at a low enough biomass prices, using an auxiliary 
biomass CHP unit results in a lower COE than if the auxiliary unit is not installed. However, the advantage of the 
use of the auxiliary biomass CHP unit decreases as the coal price decreases. For the same biomass price, the COE of 
Aux-Pos is always lower than the COE of Aux-Neg. At a high biomass price, using an auxiliary biomass CHP unit 
to provide the energy for capture only from the coal plant can result in a COE that is lower than that for not using 
the auxiliary biomass CHP unit, providing the coal price is high enough. However, a high biomass price makes CO2 
capture both from the coal plant and the auxiliary biomass CHP unit economically unattractive.     
 
 
Figure 2- Effect of fuel prices on the COE for a fixed carbon price of 23 $/t CO2 and REC of 40 $/MWh at a biomass price of 3 $/GJ and 9 $/GJ  
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From Figure 3, at fixed fuel prices and a selected REC, a lower carbon price is required to incentivize the use of 
an auxiliary biomass CHP unit without capture than with capture. However, at a high enough carbon price, capturing 
CO2 both from the coal plant and the auxiliary biomass CHP unit will always be the cheapest option, provided that 
carbon credits are produced by achieving negative emissions.  
 
 
 
Figure 3-Effect of incentive schemes on COE for a fixed coal price of 1.5 $/GJ and biomass price of 4.5 $/GJ (for dark blue and dark red lines) 
and 3 $/GJ (for light blue and light red lines) at a REC of 0 $/MWh and 100 $/MWh 
 
4. Conclusion 
This paper evaluates the performance and economics of applying an auxiliary biomass CHP unit to a 500 MW 
sub-critical black coal-fired power plant with CO2 capture in order to supply the heat and electricity required for 
capture. The results show that when CO2 is only captured from the coal plant, 41 MW of additional electricity is 
produced by the CHP unit while the emission intensity drops from 0.88 t CO2/MWh to 0.08 t CO2/MWh. When CO2 
is captured both from the coal plant and the auxiliary biomass CHP unit, 105 MW of additional electricity is 
produced by the CHP unit and negative emissions are achieved (-0.95 t CO2/MWh). 
In terms of plant economics, low biomass price and the right combination of incentive schemes would favor the 
use of auxiliary biomass CHP units. To make the achievement of negative emissions (i.e. capture CO2 from both the 
coal plant and the auxiliary biomass CHP unit) economically attractive, higher incentive schemes are required than 
for capture from the coal plant alone. 
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